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Abstract
Quasi one dimensional antiferromagnet Cu3Mo2O9 consists of spin chains and inequivalent spin pairs 
clinging on them, and shows the magnetic order at TN = 7.9 K.  The local structure of tetrahedron 
formed by neighboring four spins suggests a non-collinear spin structure in the ordered state and hence 
the multiferroicity.  We have performed Cu-NMR measurements at low temperatures below TN and 
showed that the observed spectra are consistent with the report by the recent neutron elastic scattering 
experiments in that the chain site Cu has only an extremely small ordered moment. 
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1 Introduction 
The ground state of quantum spin systems is crucially affected by its underlying crystal structure, 
as represented by the geometrical frustration, which brings, as well as the reduction in the magnetic 
ordering temperature, the novel spin states such as the spin liquid for Kagomé lattice (Matan 2010), 
the spin ice (Bramwell 2001) for pyrochlore or tetrahedral structures, and the spin nematic state 
(Zhitomirsky 2010) for the competing chain systems (Hoshino 2014).  The interest has risen further 
quite recently, because non-collinear spin structures observed often in those systems cause the non-
trivial coupling between spins and charge, and hence become the origin of multiferroics (Bulaveskii 
2008, Khomskii 2010, Katsura 2005).  Here one must note the importance of the Dzyaloshinsky-
Moriya interaction, without which the coupling between the spins and underlying crystal structures is 
not substantialized (Matsui 2014).  
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The title compound Cu3Mo2O9 consists of 
quasi one-dimensional spin chains denoted as 
Cu(1) and inequivalent spin pairs denoted as 
Cu(2) and Cu(3) clinging around the chain 
(Fig. 1).  The neighboring four S = 1/2 spins 
form a distorted tetrahedral structure, 
indicating that the system possesses a 
geometrical frustration as well as quantum 
fluctuation.  There are two chains running 
along b-axis in a unit cell; the two are 
connected with the glide symmetry in the 
room temperature crystal structure Pmna
(Hamasaki 2009). Though the system seems to 
possess the two spin-degrees of freedom, the 
distances and hence the strength of exchange 
interactions among the four spins that form a 
tetrahedron are comparable with each other as 
will be described, indicating a tight coupling 
between the chain and clinging spin pairs.  
This makes a clear contrast with the different 
compound Cu2Fe2Ge4O13 with the similar type 
of combinatorial structure, investigated previously by Masuda et al., who showed the existence of a 
weak interaction between the classical spin chain of Fe (S = 5/2) and the quantum spin dimer of Cu (S
= 1/2), and an simultaneous occurrence of rather a simple magnetic order in both the two spin-degrees 
of freedom (Masuda 2004, Masuda 2007, Kikuchi 2013).  This has been interpreted as the result of 
appreciable difference between the magnitude in exchange coupling within each two sub-system 
(Kuroe 2011).   
The exchange network between the four Cu sites in the present system was first estimated from the 
temperature dependence of magnetic susceptibility and magnetic specific heat (Hamasaki 2008) and 
later with the inelastic neutron scattering 
(Kuroe 2011). The dominant J’s due to 
superexchange interaction are intra-chain J4 = 
4.0 meV , dimer J3 = 5.8 meV, and the 
effective chain-dimer interaction (J2, J1), 1.6 
meV. These comparable values assure the 
tight coupling between the chain and the 
dimer-like pair sites. The inter-chain 
interaction is estimated to be much smaller 
than these, that is, around 0.19 meV.  (Kuroe 
2011)  
So far, macroscopic measurements on the 
present system by Hamasaki et al. have 
revealed the existence of antiferromagnetic 
order at TN = 7.9 K in zero field.  TN slightly 
depends on both the magnitude and direction 
of the applied field.  When the field is applied 
along c-axis, it increases with increasing field 
to 8.8 K at 5 T and decreases again to 8.2 K at 
9 T.  The magnetization shows successive 
jumps of approximately 0.0057 and 0.003 μB
Figure 1: Schematics of crystal structure with the 
dominant exchange paths of J1 to J4 (left), the 
principle axis of EFG tenser of each site, denoted 
by two-headed arrows (mid), and the moment 
directions proposed by Hase et al. (Hase 2015) , 
denoted by gray thick arrows (right).  In a unit 
cell, there are two chains along b-axis, called as α- 
and β -chain. 
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Figure 2: Typical Cu-NMR spectrum taken under 
H//c-axis with resonance frequency 92.4 MHz (lower 
panel) and the temperature dependence of relative 
shift for each peak (upper panel).  For the shift of 
Cu(1), the mean position of split two peaks was taken. 
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at 1 and 8 T, respectively (Hamasaki 2008, 
Doi 2010, Hamasaki 2009).   These jumps are 
associated with the strong anomaly in the 
electric polarization (Kuroe 2011) and also in 
ESR (Okubo 2010) and NMR (Misoka 2012) 
signals, showing the existence of 
multiferroicity. 
Although these small magnetization 
jumps suggested the non-collinear spin 
structure, the detailed structure was not 
determined until the quite recent effort of 
Hase et al., who have, by intensive 
investigations on the elastic neutron 
scattering, succeeded to propose several 
possible magnetic structures in which the 
dimer-like site Cu(2) and Cu(3) possess the 
dominant moments of 0.5 – 0.74 μB, while 
the chain site, Cu(1), negligibly small one 
(Fig. 1).  For the moments on neighboring 
two Cu(2)’s (or 3) have the inversion 
symmetry around Cu(1), the exchange field 
from the two is supposed to be nearly 
cancelled out at Cu(1) site, the case of which 
is quite similar to the so called idle-spin state. 
[Fujii 2009, Hara 2011]   
As for the ordered moment directions of 
Cu(2) and Cu(3) sites, they have proposed the 
two possibilities depending on the underlying 
crystal lattice symmetry; one is ߠଶఈ ൌ
Ͷι,ߠଶఉ ൌ Ͷ͹ι, ߠଷఈ ൌ ͻͶǤ͸ι and ߠଷఉ ൌ ͸ͺǤ͸ι
for P21/m lattice structure, and ߠଶఈ ൌ ߠଶఉ ൌ
ʹ͹ι and ߠଷఈ ൌ ߠଷఉ ൌ ͹͹Ǥ͹ι for Pnma lattice 
structure, where ߠ௜ఋ  is the angle of the 
moment from the a-axis (Hase 2015).  The 
glide symmetry between α and β is 
maintained only in the latter proposed 
structure. (Fig. 1)
In order to confirm and investigate the 
spin structure proposed by the neutron 
experiments from the other point of view, we 
have performed 63/65Cu-NMR measurements 
at low temperatures.  In this article, we show 
that NMR results are consistent with the 
neutron’s, in particular that the Cu(1) site 
possesses only a small magnetic moment. 
2 Experimental 
Figure 3: Cu-NMR spectra for various field direction 
around H//c-axis. The peaks at higher field side and 
lower are assigned to be Cu(1) and Cu(2 or 3) site, 
respectively (shown by solid lines at the bottom). The 
numbers on the right side show the angle between the 
field and the c-axcis.  
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Figure 4: (left) The rotational profile of spectra for 
Cu(1), Cu(2) and Cu(3) under the field directions 
rotated within the ac-plane.  (right) The calculated 
pattern for the Cu(1) signal,  based on the estimated 
value of parameters 63νQ = 52 MHz, η = 0.166, ܣצ ൌ
െͳ͸,  ܣୄ ൌ ൅ͶǤʹ   ߤ୆Τ  and the ordered moment μ = 
(0.083, 0, 0.019)μB. The solid and dashed curves 
correspond to the center and satellite transitions, 
respectively, among them, the satellite transition at 
high field side become invisible because of a 
broadening due to the charge anomaly at 8T.  
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The sample single crystal with an approximate size of 4×12×1 mm3 was obtained by using an 
infrared imaging furnace (Kuroe 2010).  The crystal was set on the sample rotator for NMR.  Spectra 
and T1 measurements were performed under the high magnetic field up to 12 T and in the temperature 
range between 4 and 10 K; no NMR signals were observed above TN.  The field direction was changed 
within ab-plane with the step angle of 0.1ι.  63/65Cu-NMR spectra were obtained simply by recording 
the spin echo amplitude while changing the applied field simultaneously. 
The nuclear spin-lattice relaxation rate was measured by the conventional saturation-recovery 
method utilizing a pulse train.  The time evolution of the nuclear spin magnetization was traced until 
the difference from the thermal equilibrium value reaches within 1 or 2 percent.  The obtained 
relaxation curves are fitted with the functions for ܫ ൌ మయ nuclei ͲǤͳ݁ିத భ்Τ ൅ ͲǤͻ݁ି଺ఛ భ்Τ  or ͲǤͳ݁ିத భ்Τ ൅
ͲǤͷ݁ିଷఛ భ்Τ ൅ ͲǤͷ݁ି଺ఛ భ்Τ , for the center transition (ܫ௭ ൌ െభమ ՞ ൅భమ) or the satellite (ܫ௭ ൌ ൅భమ ՞ ൅యమ), 
respectively (Narath 1967). 
In separation of the magnetic shift from the eqq-shift, we first determined the principle axes ሬܲԦ௜ఋ of 
the electric field gradient (EFG) tensor by the point charge approximation, where ݅ ൌ ͳǡʹǡ͵ and ߜ ൌ
ߙǡ ߚ denote the inequivalent three Cu sites and the two chains in the unit cell, respectively.  As shown 
schematically in Fig. 1, ሬܲԦଶఈǡ ሬܲԦଶఉ ൌ (0.989, −0.001, ±0.817) and ሬܲԦଷఈǡ ሬܲԦଷఉ ൌ(0.523, −0.001, ±0.852) are 
symmetric about the a-axis as well as about the c-axis.  As for Cu(1), the principle axes of the ߙ and 
ߚ -chain are identical, but the sign of c-component alternates along the chain as (−0.579, 0.811, 
±0.0817).  The asymmetric parameter η of the quadrupole interaction was also obtained from this 
calculation to be 0.166, 0.510 and 0.625 for Cu(1), Cu(2) and Cu(3) sites, respectively.  As for the 
hyperfine coupling tensor, we assumed the uniaxial symmetry and adopted the Cu-O bond direction as 
the principle axis.  As for the anisotropic hyperfine coupling constants ܣצ and ܣୄ, no signals were 
observed in the paramagnetic state, so that we were not allowed to utilize the K-χ plot method to 
estimate for them.  So we adopted the reported typical value for divalent copper atom (Imai 1990).  
Finally, we adjusted the nuclear electric quadrupole parameter 63νQ by comparing the calculation and 
observed peak patterns.  
3 Results and Discussion 
Figure 2 shows a typical spectrum observed at 4 K for H//c-axis, and also the temperature 
dependence of the relative shift of each peak.  One notes that the peak group at the higher field side 
and the lower side show different temperature dependence.  The former stays constant against 
temperatures, while the latter decreases with increasing temperature.  In particular, the two pairs of 
sharp peaks at around 8T has nearly-zero shift, indicating that the three peak-groups at 6, 8 and 10 T, 
can be understood in terms of eqq-split peaks of 63/65Cu isotopes. This observation allows us to assign 
them to the Cu(1) site, which has been proposed from the neutron experiments to have zero or very 
small ordered magnetic moment. This assignment completely differs from our previous reports (Doi 
2010, Misoka 2012), which we admit were misleading.
In regard to the peaks at lower field side belonging to Cu(2) or (3), they move to the higher field 
with increasing temperature, maintaining the distance between neighboring peaks.  This indicates that 
the temperature dependence of peak-shift comes mainly from the change in the hyperfine field rather 
than the eqq-splitting.  
Next, Fig. 3 shows the evolution of each peak with tilting the field from c-axis to a-axis.  The 
higher field side peaks assigned to the Cu(1) site shift only slightly, that is, within 1 T as the field 
direction is changed from c to a-axis, while other peaks moves over the displayed field range 2 to 8 T.  
This assures the correctness of our assignment, for the principle axis of EFG for Cu(1) is directed 
nearly along b-axis and keeps orthogonal with the field, which is within ac-plane.  One also notes that 
a small magnetic moment must be present at the Cu(1) site, because the peaks from Cu(1) keep finite 
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splitting width even for the field direction H//c, where the Cu(1) on the α and β-chain have the 
identical eqq shift.  If we adopt the typical values ܣצ ؄ െͳ͸ and  ܣୄ ؄ ൅Ͷ.2  ሺ ߤ୆Τ ሻ as the hyperfine 
coupling tensor for the divalent Cu (Imai 1990), and the magnitude of ordered moment at Cu(1) as 
(0.083, 0, 0.019)μB, the size of which is what predicted by the neutron experiment by Hase et al., the 
observed slight peak split at H//c is well explained. 
The peaks for lower field side are assigned to either Cu(2) or Cu(3). Their large shifts indicate that 
they bear a sizable ordered moment.  Note that as tilting the field direction toward the c-axis, the pair 
of peaks, which come from α and β, also getting closer and completely degenerate when the field is 
along it.  The same occurs also for the a-axis.  This means that the direction of ordered moments of 
Cu(2) (or Cu(3)) site at α and β must be symmetric about the c- and a-axis, which brings us to the 
inference that among the possible magnetic structures proposed by  neutron experiments shown above, 
the latter one, ߠଶఈ ൌ ߠଶఉ ൌ ʹ͹ι and ߠଷఈ ൌ ߠଷఉ ൌ ͹͹Ǥ͹ι, based on the crystal structure Pnma is likely 
at this stage.  However, the effect of magnetic field for NMR measurement on this result cannot be 
excluded. 
In Fig. 4, we show the rotation profile of entire spectra; the field is rotated within ac-plane.  We 
estimated the 63νQ for Cu(1) site to be 52 MHz and calculated by the diagonalization of 4×4 nuclear 
spin hamiltonian the field-direction dependence of the peak shift to show a considerably-well 
agreement with the observed profile.  However, as for the other sites of Cu(2) and Cu(3), we could not 
find the suitable parameters of ܣצ, ܣୄ and 63νQ.  Possible reasons may be the hyperfine tensor with the 
tri-axial anisotropy or the EFG tensor with the symmetry completely different from those expected 
from the point charge approximation.  They may be due to the effect of charge instability in this 
system. 
Finally, we investigate the spin state of the two sites Cu(1) and Cu(2) (or 3) from the view point of 
spin fluctuation.  Figure 5 shows the temperature dependence of T1’s measured on several peaks of 
Cu(1) and Cu(2) (or 3) sites. With increasing temperature, ଵܶି ଵ for all the peaks increased toward TN
monotonically.  Apparently, the ଵܶି ଵ for Cu(1)-peaks is nearly half of those for others.  Generally, the 
longitudinal nuclear spin-lattice relaxation rate is described by the Fourier transform of the product of 
squared hyperfine coupling constant and the electronic spin correlation function (Kubo 1954).  
Therefore, assuming that both the hyperfine coupling constant and the Fourier spectrum of spin 
fluctuation are not totally different between Cu(1) and the other two sites, the observed ଵܶି ଵ  is 
considered to be roughly proportional to the squared magnitude of onsite moment.  Thus, the 
observation of small ଵܶି ଵ further supports the idea that there is only an extremely small moment on 
Cu(1).  For further detailed discussion, one requires the values of hyperfine coupling constant for 
Cu(2) and (3), the determination of which is now in the progress. 
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Summary 
The spin state of the quasi one dimensional 
antiferromagnet Cu3Mo2O9 at low temperatures 
was investigated by Cu-NMR spectra and T1.  
The existence of extremely small but finite 
moment at Cu(1) site was confirmed. 
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